Combi ned PET/MR systems have recently become available for clinical use (1, 2) . Compared with CT, MR imaging provides better soft-tissue contrast, and functional imaging such as diffusion-weighted images and MR spectroscopy, yielding superior diagnostic accuracy in the brain without subjecting the patient to ionizing radiation. The combination of PET and MR imaging not only provides complementary functional information, but also has the potential to provide further advantages over PET/CT, such as prereconstruction motion correction of PET data (2, 3) . To obtain quantitative PET data and to be able to objectively interpret image features between patients, correction for tissue-based photon attenuation is necessary. Unlike CT, linear photon attenuation coefficients cannot be directly derived from MR imaging (4) . Indeed, predicting attenuation values from MR images is difficult because MR signals are related to proton density and relaxation properties of tissues. The relative amount of bone in the head is higher than in other parts of the body, and this bone contributes significantly to the attenuation of PET photons (5) . MR attenuation-correction (AC) methods for the brain should consider bone in attenuation maps to allow accurate PET quantification. As combined PET/MR has gained momentum, several AC methods have been proposed. These are roughly divided into 3 types. Atlas-based/template-based methods (6-9) generate a patient-specific AC map from a CT atlas or attenuation-map template. Segmentation methods (10, 11) derive the segmentation of tissue components, for example, bone, air, and brain tissue, from dedicated pulse sequences. These sequences include Dixon T1-weighted imaging (T1WI), ultrashort echo sequence, and high-resolution 3-dimensional T1WI. The third method is a direct extraction of an AC map from timeof-flight (TOF) PET emission data (12) . Comprehensive reviews of current MR-based AC methods, their advantages, and limitations are available in the literature (13) (14) (15) .
For AC in the head using clinical PET/MR, AC methods should meet several requirements: robustness against intra-and interpatient variability in all brain regions; clinical AC methods should introduce minimal error compared with gold-standard CT-AC; time-consuming MR sequences should be avoided; postprocessing should not be time-consuming; and the output should be intuitive (making AC errors easy to recognize). To meet these requirements, the SIGNA PET/MR scanner (GE Healthcare) uses simplified atlasbased AC (Atlas-AC) with a single head atlas generated from multiple CT head images. However, the performance characteristics of this method have only been described for nonsimultaneous PET/ MR (16) . The purpose of this study was the validation of Atlas-AC, by comparison to gold-standard CT-AC, using clinical 18 F-FDG data. Thus, we evaluated the accuracy of Atlas-AC and assessed to what degree AC map errors are propagated to PET images.
MATERIALS AND METHODS
This study was approved by the institutional review board. All subjects provided signed informed consent before the examinations.
Patients
We enrolled 8 patients. Statistical power analysis (R package pwr, http://www.r-project.org) indicated a required n of 8.15 to detect a 5% error in 18 F-FDG quantification. The median patient age was 63 y (range, 31-73 y), the average weight was 74.96 6 6.93 kg (range, 63.4-82.0 kg), and the average body mass index was 26.4 6 3.06 (range, 22.63-32.36). Five patients were men, and 3 were women.
PET/CT and PET/MR Examination
The PET/CT acquisition followed the standard protocol for a clinical oncology study on a clinical PET/CT scanner (Discovery 690 TOF PET/ CT; GE Healthcare). The average 18 F-FDG dose injected was 231.7 6 11.5 MBq (range, 210.8-244.6 MBq). First, a helical whole-body CT scan (120 kV; 15-80 mA with automatic dose modulation; rotation time, 0.5 s; helical thickness, 3.75 mm; pitch, 39.37 mm/rotation; image matrix, 512 · 512; voxel size, 1.4 · 1.4 · 3.3 mm) was acquired for AC of PET data (16) . Then, a whole-body PET image was acquired for a period of 2 min per bed position. Immediately after the PET/CT scan, patients were moved to the integrated TOF PET/MR scanner (SIGNA PET/MR; GE Healthcare), and a brain PET/MR scan was obtained for a period of 20 min. Patients were allowed to move freely from PET/CT to PET/MR. Once positioned for PET/MR, head movement was prevented using firm foam cushions between the head and coil. During the PET scan, liver-accelerated volume acquisition (LAVA)-Flex MR images (repetition time, ;4 ms; echo time, 2.23 ms; flip angle, 12°; slice thickness, 5.2 mm, with 2.6 mm overlap; 120 slices; pixel size, 1.95 · 1.95 mm; partial Fourier, 70.3%; acquisition time, 18 s) were acquired for Atlas-AC. This sequence was selected for a combination of reasons. It was used in full-body imaging for fat-water separation and thus extended to head use. Additionally, its use allowed the user to revert to 4-class segmentation AC (not considered in this study). Finally, the sequence was short, 18 s, making it an efficient part of the PET/MR workflow. The first 3 patients underwent PET/MR with the manufacturer's standard head-and-neck coil (28-channel GEM Head and Neck Unit [GE Healthcare], as part of a whole-body imaging protocol), and the 5 subsequent patients were imaged with a standard head coil (8-channnel HD Brain; GE Healthcare).
Reconstruction of AC Map
For each patient, 2 AC maps were generated, Atlas-AC and CT-AC. The Atlas-AC map was registered to the LAVA-Flex in-phase image using a dedicated process developed by the manufacturer (Fig. 1 ). An atlas-based method was used to derive a pseudo-CT that included continuous attenuation information for the head, using a single-head atlas. This atlas was provided by the vendor and is based on CT images from 50 subjects (16) . The patient-specific pseudo-CT was generated on the PET/MR scanner as follows. First, 3-mm Hessian-bone enhancement from LAVA in-phase images was performed. Second, application of rigid and nonrigid B-spine-based elastic registration between boneenhanced MR image and the head atlas was performed (16) . Third, the head contour and segmentation of tissue and sinus was generated. Fourth, the registered head atlas from step 2 and the head contour from step 3 were combined to generate pseudo-CT. Fifth, the AC map was generated from the pseudo-CT using the standard vendor-provided CT lookup tables. Finally, the MR coil was added to the AC map. This entire procedure took less than 30 s, without user interaction. A more detailed description of the algorithm is provided in Wollenweber et al. (16) . The second AC map was the coregistered CT-AC map, generated as follows. First, the original CT-AC map was exported from the PET/CT scanner. Second, from this map, the CT bed was removed manually. Third, the threshold was set to extract the outside air component from the CT-AC map. None of the images used in this study contained large artifacts likely to affect air thresholding. Large dental artifacts in future patients would be transferred to the images as part of the Atlas-AC algorithm, making additional quality control of the resultant AC map necessary. Fourth, we performed manual linear registration between the 2 AC maps. Finally, the map was superimposed on and coregistered to the Atlas-AC map, replacing it, manually. The second, third, and fourth steps were performed using custom Matlab (7.11.0; The MathWorks) routines.
Reconstruction of PET Images
Only the PET data from the PET/MR examination were used, reconstructed with AC based on either Atlas-AC or CT-AC maps. All PET images were reconstructed from the list-mode raw data on the PET/MR scanner. The PET reconstruction parameters were fully 3-dimensional ordered-subsets expectation maximization iterative reconstruction (17); TOF on; point-spread function modeling on; filter cutoff, 3 mm; axial filter medium; subsets, 28; iterations, 8; scatter correction on; and pixel size, 1.17 · 1.17 mm (18). 
Analysis
All PET images were spatially normalized to a brain template (SPM5; University College London), and 67 volumes of interest (VOIs) (automated anatomic labeling [AAL] atlas) were applied (19) . Each matching AC map was also normalized using the transformation generated during the normalization of the PET images.
Visual Analysis
Visual assessment was performed on 2 levels. A radiologist with 10 y of experience in brain imaging confirmed the absence of major artifacts in LAVA-Flex images likely to negatively affect registration. After generation of Atlas-AC and linear coregistration between Atlas-AC and CT-AC, the fused images were examined to confirm that the resulting atlas AC map was also artifact-free.
Relative difference (%diff) maps of PET and AC map images for each patient (Atlas-AC minus CT-AC, divided by CT-AC) were generated. Averages of the %diff maps from all patients were subsequently generated.
Quantitative Analysis
Evaluation was performed in 4 steps. Whole-brain 18 F-FDG uptake was compared using a paired t test with a significance level of 0.05. 18 F-FDG uptake in 67 AAL VOIs in each of the 8 patients was compared using Bland-Altman analysis. VOIs from the AAL atlas were merged into more generalized VOIs: central structures (caudate nucleus, putamen, pallidum, thalamus), cerebellum, frontal lobe, temporal lobe, insula and cingulate gyrus, occipital lobe, parietal lobe (Supplemental Fig. 1 ; supplemental materials are available at http://jnm.snmjournals. org), right and left hemisphere, and cortical and subcortical regions in each hemisphere. The %diff was calculated in each merged region and compared using a paired t test with Bonferroni adjustment. Finally, after calculation of %diff in all 67 VOIs, the VOIs were merged into 6 groups with similar %diff pattern using group-average agglomerative clustering (SPSS Statistics 19.0.0; IBM). %diff in each merged region was compared using a paired t test with Bonferroni adjustment.
Visual and quantitative analyses were performed using PMOD 3.6 (PMOD Technologies Ltd.).
RESULTS
All 8 patients successfully underwent PET/CT and PET/MR examinations. The mean time between 18 F-FDG injection and the PET/MR scan was 106.8 6 8.3 min (range, 91.0-120.0 min). One patient had a small posttraumatic brain injury with lack of 18 F-FDG uptake. The others had no pathologic findings in the brain.
Visual Analysis
The upper cranial part of the Atlas-AC map appeared to have an attenuation value similar to that of the CT-AC map ( Fig. 2 ; first, second, and third rows). However, the attenuation coefficients were underestimated in the Atlas-AC map for the mastoid process region, temporal bone, and skull base compared with CT-AC. This skull-underestimation caused an underestimation of 18 F-FDG uptake in the regions close to the skull base ( Fig. 2; bottom row) . Detailed examination of the CT-AC maps also showed that the attenuation coefficient of skull was not homogeneous. The AC value of temporal bone was about 0.11 cm 21 whereas the superior skull bone had a higher attenuation value, about 0.13 cm 21 . In contrast, Atlas-AC applies a lower value to temporal bone (;0.10 cm 21 ) and a similar value to superior bone (0.13 cm 21 ). Additional difference images are illustrated in Supplemental Figure 2 .
Quantitative Analysis
Whole-brain 18 F-FDG uptake based on Atlas-AC was slightly but significantly underestimated (%diff 5 2.19% 6 1.40%, P , 0.01) ( Table 1 ). Linear regression showed that the 18 F-FDG uptake values from each AC method were highly correlated (R 2 . 0.99) to a straight line with a slope of 0.966 (Fig. 3A) . The Bland-Altman plot for all VOIs highlighted the trend for Atlas-AC to underestimate CT-AC (upper limit, 6.19%; lower limit, 21.71%; range, 23.0% to ;7.3%) (Fig. 3B ) and that this bias was consistent. The underestimation was most pronounced in the regions near the skull base and below the anterior-posterior commissure line, for example, the cerebellum (%diff 5 3.69% 6 1.43%, P , 0.01), 
EVALUATION OF ATLAS-BASED ATTENUATION CORRECTION • Sekine et al.
temporal lobe (3.25% 6 1.42%, P , 0.05), central structures (3.05% 6 1.18%, P , 0.05), and subcortical region (left, 2.92% 6 1.71%, P , 0.05; right, 2.86% 6 1.13%, P , 0.05) ( Table 1) . Post hoc statistical power analysis using the data from the cerebellum indicated that the expected power (0.8) was exceeded (0.865). The underestimation was more clearly depicted in the merged regions after group-average agglomerative clustering analysis (Supplemental Fig. 3 ). The underestimation was significant in 2 of 6 groups and pronounced in group 1 (2.80% 6 1.27%, P , 0.05) and group 2 (3.79% 6 1.50%, P , 0.01) ( Table 2) . Groups 3-6 showed only nonsignificant underestimation. Groups 1 and 2 cover most regions near the skull base. Visualization of the grouped regions from the clustering analysis highlighted that the Atlas-AC tended to underestimate 18 F-FDG uptake near the skull base (Fig. 4) .
DISCUSSION
In this study, we compared a simplified atlas-based AC method with the CT-AC gold standard using 18 F-FDG PET data from patients imaged in a recently developed integrated PET/MR scanner (SIGNA PET/MR). This study revealed 3 major findings. First, the Atlas-AC method was comparable to CT-AC. The range of error in all 536 VOIs analyzed was less than 8% (23.0%-7.3%). Second, the attenuation coefficients for temporal and skull base bone tended to be slightly underestimated by atlas-based AC. Third, this error resulted in minor underestimation of 18 F-FDG uptake near the skull base.
To our knowledge, this is the first study to evaluate the performance of head AC on GE Healthcare's integrated PET/MR scanner (16) . There have been few AC-comparison studies using a combination of PET/CT and PET/MR data (5, (20) (21) (22) (23) . In clinical PET/MR, patient motion or geometric distortions of MR images can create a mismatch between PET and MR data. Simulation studies using PET/CT and an independent MR scanner may not fully account for these effects. For that reason, it is advantageous to work directly on an integrated PET/MR scanner, reflecting the desired clinical situation.
Correcting for attenuation due to skull bone is critical in brain PET studies because the head is compact, and the cortical bone is a high-attenuation tissue for PET photons. Completely neglecting bone tissue attenuation leads to large underestimations (.20%) of the radiotracer concentration in the cortex (24) . Lines of response (LORs) at a tangent to the surface of the brain, traversing the skull at an oblique angle, have a longer path through skull bone than central LORs perpendicular to the surface of the brain. Therefore, total attenuation along these LORs is higher than that of central LORs. Consequently, the overall effect of AC error is larger at the edge than at the center, leading to a regionally variable bias (5) . Such a bias is evident in Figure 2 .
Calculation of the percentage difference between Atlas-AC and CT-AC maps illustrated an underestimation of AC values in the temporal and skull base bone regions, explaining the resultant underestimation of 18 F-FDG uptake in temporal and cerebellar regions. This is likely caused by errors in the segmentation of enhanced bone from in-phase T1WI and the registration of the head atlas during Atlas-AC map calculation. Jaw movement and differences in neck position between scans may also introduce errors. In regions near the base of the skull, the bone is more axially aligned, so that a small error in the AC map leads to high attenuation bias. The addition of line sources to PET/MR scanners would aid comparison in truly simultaneous acquisition.
In other recent studies of AC approaches for PET/MR, the mean absolute relative percentage errors between PET images were reported as 2.42% 6 1.0 (20), 2.55% 6 0.86 (21), 1.38% 6 4.52 (23) , and 1.82% 6 2.45 (22) . Care should be taken when comparing these studies and the present study, because of methodologic variations. However, the mean error across all 536 VOIs in this study, 2.24% 6 1.98, is generally comparable. In studies using the AAL atlas for regional VOI analysis of 18 F-FDG accumulation, the mean error and SD in the cerebellum were larger than in other regions (21, 22) . This result is consistent with ours.
Although all quantitation errors were less than 8%, the biased distribution of the errors means that care is required when assessing subtle changes in PET tracer uptake, such as reductions in temporal lobe 18 F-FDG uptake in Alzheimer disease, or when comparing studies acquired on both PET/CT and PET/MR scanners. Fortunately, clinically significant reductions in 18 F-FDG uptake tend to be larger than the errors found due to Atlas-AC (e.g., 14%-24% (25)) and often involve other cortical regions. Particular care should be taken when comparing kinetic modeling studies from PET/MR with PET/ CT, in which the cerebellum is commonly used as a reference tissue. Additionally, age, sex, and racial differences in skull thickness/density should be considered if a single atlas is used (26) .
Point measurements in the CT-AC map demonstrate that head bone attenuation values vary by region, likely due in part to partialvolume effects. The AC value of temporal bone (measured in the average CT-AC map) was about 0.11 cm 21 , whereas the upper cranium had a higher value, about 0.13 cm 21 , suggesting that simple segmentation of head bone and assignment of a fixed AC value to cortical regions is less accurate than using a bone atlas with continuous values (27) . Because temporal bone is thinner than that in the upper cranium, partial-volume effects may be more pronounced.
Wollenweber et al. (16) compared a similar atlas-based AC method with PET/CT with CT-AC using an independent MR scanner (with dedicated cross-modality patient shuttle) in 13 patients. They reported no statistically significant under-or overestimation of 18 F-FDG uptake when replacing CT-AC with atlas-based AC, and overall variability was small. This contrast to our findings likely occurred because they defined only VOIs in the cerebrum. Using the complete AAL VOI set in this study ensured that cerebellum, the most underestimated region, was included.
In this study, cluster analysis indicated that cerebrum regions could be grouped, that is, resulting groups 3-6, and that the statistical error in these groups was nonsignificant. This is consistent with the results of Wollenweber et al. Cluster analysis was used to combine regions with similar %diff patterns. The resulting clusters did not correspond directly to discrete anatomic-functional brain regions but confirmed that underestimated 18 F-FDG uptake is generally confined to the skull base area. Additionally, cluster analysis confirmed that there was no asymmetry between left and right hemispheres.
Segmentation of MR images from a dedicated sequence such as ultrashort echo time represents another solution for AC in PET/MR studies. However, using pure parametric maps for AC may lead to bias in regions neighboring bone and air and in areas of high magnetic field inhomogeneity (28) . Advantages of atlas-based methods include the ability to assign continuous AC values, robustness, and reduced sensitivity to acquisition artifacts. However, atlas-based methods are not generally suitable for the evaluation of postoperative patients or patients with implants. To address these problems, a combination of dedicated segmentation methods with atlas-based methods (20, 23, 29) , with neural networks (29, 30) or with estimation of posterior probability (22, 31) , may be required. The drawbacks of these state-of-art methods are additional acquisitions, discrete map preparation, and prolonged computational time. Thus, the gold-standard method in AC for PET/MR has yet to be determined. In the current clinical setting, it is important to evaluate PET images based on AC derived from MR images with a good understanding of the differences to CT-AC.
A limitation of our study is that the number of patients included is small. However, using automated methods where possible, we aimed to reduce variation. The statistical power was sufficient to detect underestimation of 18 F-FDG uptake in discrete regions.
Artifacts from dental implants may cause substantial errors in AC maps based in any way on MR images. However, in this study, no patients had severe dental artifacts, so we were unable to assess their impact.
CONCLUSION
The simplified atlas-based AC method provided for brain imaging on the SIGNA PET/MR scanner proved comparable to the goldstandard CT-AC. However, there was a slight underestimation of PET tracer uptake values, especially near the base of the skull.
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